Objective-To determine the mechanism of low-density lipoprotein (LDL) receptor-related protein (LRP)-mediated selective uptake of high-density lipoprotein (HDL)-derived cholesteryl esters (CE). Methods and Results-Apolipoprotein E (apoE) and heparin sulfate proteoglycans are required for LRP-mediated selective uptake in adipocytes. Furthermore, 2-deoxyglucose and NaN 3 abolish this process, indicating that cellular energy is required. LRP-mediated selective uptake is also abolished by monensin or when clathrin-mediated internalization is inhibited (using hypotonic, K ϩ -free medium or hyperosmolar sucrose), clearly implicating receptor endocytosis. The receptor-associated protein (RAP), an inhibitor of ligand binding to LRP, reduced the transport of CE into an intracellular compartment but not into the plasma membrane. Remarkably, the CE that is ultimately transported by LRP first enters the plasma membrane then undergoes apoE-mediated CE efflux before being recaptured and internalized by LRP. Conclusion-According to this "efflux-recapture" model, LRP contributes to selective uptake because it recovers CE that would normally be lost by efflux mediated by apoE. Key Words: LDL receptor-related protein Ⅲ HDL Ⅲ selective uptake Ⅲ cholesteryl ester Ⅲ adipocyte Ⅲ apolipoprotein E A dipocytes, hepatocytes, and steroidogenic tissues can selectively acquire cholesteryl esters (CE) from highdensity lipoprotein (HDL) without internalization and degradation of the entire lipoprotein, 1 in contrast to the classical receptor-mediated pathway of low-density lipoprotein (LDL) catabolism. This "selective uptake" process is poorly understood but was originally distinguished by 3 phases. 2 First, the lipoprotein binds to the cell surface. Then, CE in the lipoprotein is passively and reversibly transferred to the plasma membrane pool. Finally, the CE in the plasma membrane is irreversibly internalized and hydrolyzed.
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The distinction between selective and endocytic uptake 2 has been blurred recently by evidence for HDL recycling during selective CE transfer in ob/ob hepatocytes. 3 This implicates an endocytic step in selective uptake and prompted us to examine the role of the LDL receptor-related protein (LRP) 4 in selective uptake, particularly because the LRP binds to apolipoprotein E (apoE), lipoprotein lipase, and hepatic lipase, and these molecules have been shown to facilitate selective uptake. [5] [6] [7] We found 8 that molecules that interfere with ligand binding to LRP, or reduction of LRP expression using antisense, inhibited HDL-CE selective uptake by human primary adipocytes and SW872 liposarcoma cells by 35% to 50%. These inhibitors included the receptor-associated protein (RAP), which inhibits all ligand binding to the LRP; 4 the polysulfated drug suramin, 9 and 2 ligands of LRP, namely ␣ 2 -macroglobulin (␣ 2 M) and lactoferrin. 4 Although LRP accounted for approximately one-third of the selective uptake, these studies demonstrated that a comediator was required given that human skin fibroblasts express LRP abundantly but lack the capacity for LRP-dependent selective uptake.
The ability of LRP to mediate selective uptake rather than holoparticle uptake is surprising given that this endocytic receptor normally mediates the lysosomal catabolism of ligands. We have investigated the mechanism of LRPdependent selective uptake and the possible contribution of proteoglycans and report that this involves a novel "effluxrecapture" process.
Methods

Materials
All common reagents were analytical grade, purchased from Fisher (Fair Lawn, NJ), Sigma (St Louis, Mo), or BDH (Poole, England). Retired breeders of homozygous apoE-null mice (strain B6.129P2-I as described. 11 RAP was cloned into the IMPACT-CN system (New England Biolabs, Beverly, Mass), then expressed and purified essentially as described for the purification of apoA-I. 8 
Lipoprotein Purification and Labeling
Total HDL or HDL 2 were purified from normolipemic plasma by density gradient ultracentrifugation. 12 
Tissue Culture
SW872 liposarcoma cells were cultured as described. 8 Primary human adipocytes were prepared and cultured as described. 8 Mouse epididymal fat pads were isolated and mature adipocytes were obtained after differentiation of preadipocytes by the same method used to prepare human adipocytes. Human skin fibroblasts from foreskin were from American Type Culture Collection, repository number CRL2523, and were cultured as described. 11
Selective Uptake Assay
The cellular incorporation of HDL- ]-␣ 2 M cellular association (internalization and cell surface binding) was measured in SW872 cells at 37°C as described. 11 At 37°C, internalization of ␣ 2 M constitutes the majority of cell associated ␣ 2 M in SW872 cells, because cell surface binding is only Ϸ2 fmol/mg cell protein. 8 
Digestion and Metabolic Inhibition of Proteoglycans
To determine whether proteoglycans were involved in LRPdependent selective uptake, we used 4 separate treatments to alter the proteoglycans, as follows. Treatment 1 involved heparinase I digestion of heparin sulfate proteoglycans (HSPG). Heparinase I (E.C.4.2.2.7) from Sigma was incubated with the cells for 2 hours at 37°C dissolved at 3 U/mL in F12 containing 5 mg/mL of bovine serum albumin and complete protease inhibitors (Roche Molecular Biochemicals). Treatment 2 involved chondroitinase ABC digestion of chondroitin and dermatan sulfate proteoglycans. Chondroitinase ABC (E.C.4.2.2.4) from Sigma was incubated with the cells at 1.5 U/mL exactly as described for Heparinase I. Treatment 3 involved growth of the SW872 cells for 2 days in 30 mmol/L chlorate, which inhibits the sulfation of all proteoglycans. 11 Treatment 4 involved growth of the cells for 24 hours in 2 mmol/L 4-methyl umbelliferyl-␤-D-xyloside (MX), which significantly reduces proteoglycan synthesis and appearance on the cell surface. 13 The efficiency of proteoglycan digestion, chlorate, or MX treatment was attributed to a reduction in cellular [
35 S]-sulfate, as described. 11
Inhibition of Membrane Trafficking
The cellular association of [ 14 (2) clathrinmediated endocytosis was inhibited with 10 mol/L monensin as described; 15 and (3) clathrin-mediated internalization was inhibited after a hypotonic shock followed by incubation in a K ϩ -free medium 16 2 from the extracellular medium, and the cells were incubated for various times up to 4 hours at 37°C with 300 L of ligand buffer in the presence (500 g/mL) or absence of suramin. The extracellular medium was centrifuged at 6000g for 2 minutes to pellet any cell debris, and 250 L of the supernatant (designated the "postefflux" medium) was transferred to a new microfuge tube and mixed with 83 L methanol, 167 L ethanol, 667 L chloroform, and 8 L of glacial acetic acid to extract the lipids. The mixture was mixed vigorously and stored overnight at Ϫ20°C. The samples were warmed to room temperature, then centrifuged at 6000g for 4 minutes. The chloroform phase was transferred to a fresh tube and dried under a stream of nitrogen. The lipids were resuspended in a total of 40 L of chloroform containing 10 g each of cholesteryl oleate and cholesterol as carrier. Each sample was spotted onto a silica gel 60 thin-layer chromatography plate (Merck, Germany) and developed in hexane:diethyl ether:glacial acetic acid (105:45:1.5). After visualization in an I 2 tank, the bands corresponding to cholesterol and cholesteryl oleate were scraped into a scintillation vial and the radioactivity was measured by liquid scintillation counting using Ecolite (ICN, Costa Mesa, Calif).
Immunoprecipitation of ApoE
All the "postefflux" medium (see previous) was mixed with 5 g each of apoE antibodies 3H1 and 6C5 18 for 1 hour at room temperature. Protein G separose (12 L of 50% slurry) was added and the samples were mixed end-over-end overnight at 4°C. The protein G was pelleted and the radioactivity of the supernatant was measured. Each pellet was washed twice, each time with 1 mL of HBSS, 20 mmol/L Hepes pH 7.45, then solubilized in 0.2 mol/L NaOH, and the radioactivity of the pellet was measured.
Results
Although LRP accounted for at least one-third of the selective uptake in adipocytes, a comediator is required given that human skin fibroblasts express LRP abundantly but lack the capacity for LRP-dependent selective uptake. 8 RAP inhibited the selective uptake of [ 3 H]-CE from human HDL 2 by 34% in control adipocytes but only marginally in apoE-null adipocytes, (Figure 1 ) confirming that apoE is the required comediator. The small but measurable RAP-inhibitable selective uptake in apoE-null cells may be attributable to apoE present on HDL 2 . Addition of recombinant apoE to human skin fibroblasts increased the selective uptake by Ϸ7-fold, 50% of which was inhibitable by RAP (not shown). This result shows that exogenous apoE is able to "rescue" LRP-dependent selective uptake in human skin fibroblasts. The fact that 50% of the apoE-stimulated selective uptake could not be inhibited by RAP suggests that in human skin fibroblasts, apoE stimulates selective uptake by LRP-dependent and LRPindependent mechanisms. This is in contrast to the observation in SW872 cells 8 in which all the apoE-stimulated selective uptake was inhibitable by RAP.
Many ligands, particularly apoE, 4 are internalized by LRP with the collaboration of proteoglycans. We tested whether proteoglycans were required for LRP-dependent selective uptake and found that heparinase I digestion reduced selective uptake by 26%, whereas chondroitinase ABC reduced the selective uptake by only Ͻ5% (Figure 2 ). Additionally, chlorate and MX treatment reduced the selective uptake to almost the levels seen in the presence of RAP. These data indicate that LRP-dependent selective uptake of HDL-CE uses HSPG and is consistent with the observation that apoE is internalized by LRP with the participation of HSPG. 4 Although our result differs from Swarnakar et al, 19 who demonstrated that chondroitin sulfate proteoglycans were required for apoE-dependent LDL-CE selective uptake in apoE-expressing adrenocortical cells, these divergent findings may be a consequence of differing contribution of these proteoglycan species on adrenocortical and SW872 cells.
When the SW872 cells were incubated in energy-depleting media, the internalization of [
125 I]-␣ 2 M was reduced to the same level seen in the presence of RAP (not shown). Therefore, energy depletion completely blocked LRP internalization as expected. RAP reduced the cellular incorporation of HDL-derived [
3 H]-CE by Ϸ40%, as did energy depletion of the cells ( Figure 3A Figure 3B ) and monensin reduced the [ 3 H]-CE uptake by Ϸ41%. Addition of RAP in the presence of monensin did not result in further inhibition, indicating that LRP internalization or apoE recruitment to the cell surface (or both these events) is required for LRP-dependent selective uptake. When clathrin-mediated internalization was blocked by treating the cells with a hypotonic shock followed by incubation in a K ϩ -free medium 16 or with hyperosmolar sucrose, 17 [
125 I]-␣ 2 M degradation was reduced to the same level achieved with RAP (not shown), indicating that internalization was prevented. Blocking clathrin-mediated internalization, particularly with hyperosmolar sucrose, also reduced selective uptake to approximately the same level observed in the presence of RAP, without much further inhibition with the addition of RAP ( Figure 3C ). These results confirm that the LRP-dependent selective uptake requires internalization of the receptor via clathrin-coated pits.
CE taken-up selectively characteristically enters a reversible and irreversible compartment, 5, 6 and this has been observed in SW872 cells. 8 According to the classical view, the reversible compartment is proposed to include CE that has entered the plasma membrane and remains accessible to extraction by extracellular unlabeled HDL. The plasma membrane CE is subsequently transferred to an irreversible com- 35 S]-sulfate as described. 11 Each value plotted is the mean of 4 measurements and the SE is shown. . Under identical conditions, the cells were also incubated in ligand buffer containing 10 mol/L monensin (B) or incubated in a K ϩ -free buffer or hyperosmolar sucrose (C). After this incubation, the cells were washed and the cell-associated radioactivity was measured. Each value shows the mean of 6 measurements and the SE is shown. The y-axes for (B) and (C) are identical to that for (A). These experiments were performed twice with essentially the same results.
partment as it is internalized and becomes inaccessible to extraction by extracellular unlabeled HDL. A different interpretation 3 is that the reversible compartment includes CE in HDL that is in a recycling compartment. During recycling, some of the CE is transferred to nonrecycling compartments and thus accumulates inside the cell in an irreversible manner. The remainder of the CE within the HDL is recycled back to the extracellular medium, thus manifesting as a reversible phase.
When SW872 cells were incubated at 37°C for up to 4 hours with 100 g/mL [
3 H]-CE labeled HDL in the presence (25 g/mL) or absence of RAP, and the cells then washed and incubated for 2 hours at 37°C with 800 g/mL of unlabeled HDL, we found that RAP had no effect on the [ 3 H]-CE that was extracted by the unlabeled HDL (the reversible compartment), but reduced the [ 3 H]-CE that remained in the cells after this incubation (the irreversible compartment) (Figure 4 , and the cells were incubated for 2 hours at 37°C in ligand buffer containing 800 g/mL of unlabeled HDL. After this incubation, the radioactivity in the extracellular media and in the cells were counted separately. These counts in the media were deemed to be in the reversible compartment in the absence (⌬) or presence (OE) of RAP, and the cell-associated counts were deemed to be in the irreversible compartment in the absence (E) or presence (•) of RAP. The protein in the wells were not measured directly but were measured in separate identical wells after the 6 washes in HBSS, 20 mmol/L Hepes pH 7.45. Each point shows the mean of 4 measurements and the SE is shown. 3 H]-CE into both compartments. After this time, the cells were washed 6 times in HBSS, 20 mmol/L Hepes pH 7.45, to remove the labeled HDL 2 from the extracellular medium, and the cells were incubated for various times up to 4 hours at 37°C with ligand buffer (E) or with ligand buffer containing 500 g/mL of suramin (•). After each timepoint the extracellular medium was removed for counting (A) and the cells were incubated for 2 hours at 37°C with ligand buffer containing 800 g/mL of unlabeled HDL 2 . The counts extracted into this media were deemed to be in the reversible compartment (B), and the cell-associated counts were deemed to be in the irreversible compartment (C). The protein in the wells were not measured directly but were measured in separate identical wells after the 6 washes in HBSS, 20 mmol/L Hepes pH 7.45. Each point shows the mean of 4 measurements and the SE is shown.
suramin did not affect the amount of [ 3 H]-CE in the plasma membrane measured by extraction for 2 hours at 37°C with 800 g/mL of unlabeled HDL ( Figure 5B) ; therefore, suramin did not increase efflux from this compartment. However, the increase in [ 3 H]-CE in the medium containing suramin was mirrored by a corresponding reduction of [ 3 H]-CE in the irreversible compartment ( Figure 5C ). Although this result is consistent with the interpretation that suramin stimulates [ 3 H]-CE efflux from an intracellular compartment (but not the plasma membrane), given our previous data that RAP blocks the movement of [ 3 H]-CE into the irreversible compartment (Figure 4 ), collectively these observations support the conclusion that suramin prevents the recapture of [ 3 H]-CE and its subsequent movement into the cell.
During the preceding experiment, RAP inhibited HDLderived CE selective uptake by 35% and by an amount corresponding to 190 ng HDL protein/mg cell protein/h (not shown). In the cells that were preloaded with [
3 H]-CE, the [ 3 H]-CE appears in the medium at a rate of 50 and 98 ng HDL protein/mg cell protein during the first 15 minutes in the absence and presence of suramin, respectively ( Figure 5A ). Therefore, the amount of CE that is recaptured in the absence of suramin corresponds to the difference between these values, namely 48 ng HDL protein/mg cell protein/15 minutes or 192 ng HDL protein/mg cell protein/h. This corresponds to the amount of CE selective uptake inhibited by RAP and suggests that the efflux-recapture mechanism can fully account for LRP-dependent selective uptake.
The efflux-recapture model is not conditional on the efflux of CE rather than cholesterol derived from the hydrolysis of CE. However, we have shown that RAP inhibits selective uptake of cholesteryl ether, indicating that this process does not require the hydrolysis of the CE. To date, there has been little research on the efflux of CE, although the membrane microsolubilization model of efflux predicts that CE efflux should occur. When SW872 cells were incubated with 75 g/mL of [ 3 H]-CE or [ 3 H]-COE-labeled HDL 2 at 37°C for 2 hours to load the reversible and irreversible, the efflux (measured as described for Figure 5) Figure 6A and 6B). Although we do not know the reason for this difference, the increase in efflux in the presence of suramin was approximately the same in both cases. This result indicates that [
3 H]-COE can undergo efflux and indicates that CE efflux should occur. We repeated this experiment after labeling the cells with [
3 H]-CE, then extracted the lipids that were effluxed and measured the efflux of CE and cholesterol after separation by thin-layer chromatography ( Figure 6C and 6D) . Approximately 25% of the effluxed label was cholesterol, and suramin did not effect this proportion significantly. This conclusively demonstrates the efflux of CE and supports the microsolubilization model. We next addressed the question of whether the effluxed label was associated with apoE. The SW872 cells were loaded with [ 3 H]-CE and the efflux of the labeled lipid was permitted as described for Figure 5 . The extracellular medium was immunoprecipitated with antibodies directed against apoE. We first verified that our protocol could fully immunoprecipitate apoE and that the presence of suramin did not affect this result (not shown). Immunoprecipitation of apoE in the extracellular medium of the suramin-treated cells reduced the radiolabeled lipid to approximately the levels seen in extracellular medium in the absence of suramin ( Figure 7 ). This indicates that the additional radiolabeled lipid observed in the presence of suramin is primarily associated with apoE, consistent with our model of apoE-mediated efflux and suramin-inhibitable recapture.
Discussion
We have studied the mechanism of LRP-dependent selective uptake of HDL-CE by primary adipocytes and SW872 liposarcoma cells. We found that apoE and HSPG were necessary for the process. LRP does not mediate selective uptake by recycling HDL through a compartment where selective uptake is favored. Instead, it would appear that CE is first transferred to the plasma membrane by selective uptake independently of LRP. Subsequently, apoE mediates the efflux (presumably by microsolubilization) of CE in the plasma membrane, and then the apoE-bound CE is endocytosed by LRP with the collaboration of HSPG. According to this "efflux-recapture" model (Figure 8 ), LRP contributes to 3 H]-CE (OE) that was effluxed was measured after extraction and separation of these lipids by thin-layer chromatography ( Figure 6C and 6D) . The y-axis for (B) and (D) are identical to those for (A) and (B), respectively. The protein in the wells was not measured directly but was measured in separate identical wells after the 6 washes in HBSS, 20 mmol/L Hepes pH 7.45. Each point shows the mean of 4 measurements and the SE is shown.
selective uptake because it recovers CE that would normally be lost by efflux mediated by apoE. In addition, the removal of CE from the plasma membrane may maintain the concentration gradient between the HDL and plasma membrane, and this gradient drives the passive movement of CE into the membrane.
In a variety of cells (Hep G2, Neuro-2a, and macrophages), nascent apoE apparently arrives at the cell surface in a form that is relatively lipid-poor. 23, 24 This lipid-poor condition may enable apoE to acquire lipids by microsolubilization. In macrophages, for example, lipid-poor apoE at the cell surface participates in lipid efflux. 24 -26 Even after apoE has acquired lipids (including CE) by microsolubilization, it is still likely to be relatively lipid-poor. Nevertheless, binding and internalization of poorly lipidated apoE to the LRP (with the collaboration of HSPG) has been demonstrated. 27 The efflux-recapture model may explain a number of features of selective uptake. First, CE that is internalized by selective uptake was originally thought to undergo hydrolysis in a nonacidic compartment, 28 but chloroquine-sensitive hydrolysis of selectively internalized HDL-derived CE has been observed. 29 It is anticipated that apoE-bound CE that is internalized by LRP would be transported to lysosomes and undergo chloroquine-sensitive hydrolysis there. Second, the involvement of apoE and HSPG in LRP-mediated selective uptake explains earlier findings that apoE and proteoglycans are able to mediate selective uptake. 7, 30 Other molecules in addition to LRP, apoE, and HSPG may be involved in efflux-recapture. One possible candidate is the ATP-binding cassette protein ABCA1. 31 ABCA1 directly controls the secretion of apoE, 32 and lipid-poor apoE has been shown to interact with ABCA1 in a manner that enhances efflux of cholesterol. 33 The potential role of ABCA1 in efflux-recapture remains to be determined.
The efflux-recapture model indicates that efflux is not a unidirectional process as it is usually depicted, but rather a fraction of cholesterol that is removed by efflux, particularly if it is apoE-mediated, can be recaptured immediately and transported to an intracellular compartment. Preventing this recapture manifests as an increase in efflux of cholesterol from an intracellular compartment, as we have shown.
During selective uptake, cells accumulate disproportionately more CE from HDL compared with the apolipoproteins. This is in sharp contrast to the receptor-mediated holoparticle endocytosis of lipoproteins in which all components are internalized equally. In this article, we have shown that selective uptake is not exclusive of receptor-mediated endocytosis and have provided evidence for a novel process to account for this apparent contradiction. It is clear from this work that the mechanisms that underlie selective uptake are likely to be as diverse as the molecules that mediate the process. 3 H]-CE-labeled HDL 2 at 37°C for 2 hours to load the reversible and irreversible compartments. The efflux of the labels into ligand buffer in the presence (•) or absence (E) of suramin was permitted for various times up to 4 hours at 37°C. The extracellular medium was immunoprecipitated with antibodies directed against apoE, and the total (apoE precipitable plus nonprecipitable) radiolabel in the medium in the presence (•) or absence (E) of suramin is plotted, as is the nonprecipitable label in the presence (OE) or absence (⌬) of suramin. The protein in the wells was not measured directly but was measured in separate identical wells after the 6 washes in HBSS, 20 mmol/L Hepes pH 7.45. Each point shows the mean of 4 measurements and the SE is shown. Figure 8 . Efflux-recapture model of LRP-mediated selective uptake. LRP-independent selective uptake transfers HDLderived CE to the plasma membrane. ApoE secreted by the cells mediates efflux of plasma membrane CE. The CE-lipidated apoE binds to HSPG and is then transferred to LRP and internalized by receptor-mediated endocytosis.
